We consider the Z ′ /Z mass hierarchy in a supersymmetric model in which the U (1) ′ is broken in a secluded sector coupled to the ordinary sector only by gauge and possibly soft terms. A large mass hierarchy can be achieved while maintaining the normal sparticle spectra if there is a direction in which the tree level potential becomes flat when a particular Yukawa coupling vanishes. We describe the conditions needed for the desired breaking pattern, to avoid unwanted global symmetries, and for an acceptable effective µ parameter. The electroweak breaking is dominated by A terms rather than scalar masses, leading to tan β ≃ 1. The spectrum of the symmetry breaking sector is displayed. There is significant mixing between the MSSM particles and new standard model singlets, for both the Higgs scalars and the neutralinos. A larger Yukawa coupling for the effective µ parameter is allowed than in the NMSSM because of the U (1) ′ contribution to the running from a high scale. The upper bound on the tree-level mass of the lightest CP even Higgs doublet mass is about c×174 GeV, where c is of order unity, but the actual mass eigenvalues are generally smaller because of singlet mixing.
Introduction
The possibility of an extra U (1) ′ gauge symmetry is well-motivated in superstring constructions [1] and grand unified theories [2] , and also in models of dynamical symmetry breaking [3] . In supersymmetric models, an extra U (1) ′ can provide an elegant solution to the µ problem [4, 5] , with an effective µ parameter generated by the vacuum expectation value (VEV) of the Standard Model (SM) singlet field S which breaks the U (1) ′ symmetry. This is somewhat similar to the effective µ parameter in the Next to Minimal Supersymmetric Standard Model (NMSSM) [6] . However, with a U (1) ′ the extra discrete symmetries and their associated cosmological problems typically associated with the NMSSM are absent. A closely related feature is that the MSSM upper bound of M Z on the tree-level mass of the corresponding lightest MSSM Higgs scalar is relaxed, both in models with a U (1) ′ and in the NMSSM, because of the Yukawa term hSH 1 H 2 in the superpotential and the U(1)
′ D-term [7] . More generally, for specific U (1) ′ charge assignments for the ordinary and exotic fields one can simultaneously ensure the absence of anomalies; that all fields of the TeVscale effective theory are chiral, avoiding a generalized µ problem; and the absence of dimension-4 proton decay operators [8] .
In superstring-motivated models it is often the case that electroweak and U(1) ′ breaking are both driven by soft supersymmetry breaking parameters, so one typically expects the Z ′ mass or masses to be of the same order as the electroweak scale 1 , i.e., less than a TeV or so [1] , so that such particles, if they exist, should be easily observed and their couplings studied at future colliders or at the Tevatron [10] . The typical expectation is that the Z ′ mass should be comparable to M W and M Z . However, there are stringent limits from direct searches during Run I at the Tevatron [11] and from indirect precision tests at the Z-pole, at LEP 2, and from weak neutral current experiments [12] . The constraints depend on the particular Z ′ couplings, but in typical models one requires M Z ′ > (500 − 800) GeV and the Z − Z ′ mixing angle α Z−Z ′ to be smaller than a few ×10 −3 . (There are actually hints of deviations from the standard model in the NuTeV experiment [13] and in atomic parity violation [14] , which could possibly be early signs of a Z ′ [15] .) The non-observation to date of a Z ′ reduces the attractiveness of such scenarios, but does not exclude them. It has been shown in a number of examples [16] that there are small but not overly tuned corners of parameter space which can yield acceptable Z ′ parameters. The most common situation is that the soft-supersymmetry breaking parameters with dimensions of mass, and therefore the VEV of the field S which breaks the U(1) ′ , are large compared to the electroweak scale, e.g., of O(TeV). The values of the Higgs doublet VEVs, and therefore M W,Z , are relatively small by accidental cancellations. Since the SUSYbreaking scale is large in such scenarios, they typically lead to nonstandard sparticle spectra, with heavier squarks and sleptons than for most of the MSSM parameter space, but a richer spectra of Higgses, neutralinos, and usually charginos [17] . Another possibility [16] is that the electroweak and U(1) ′ breaking are driven by A terms that are relatively large compared to the typical soft scalar mass scale. This can lead to a small α Z−Z ′ and also a small Z ′ mass. The latter might be acceptable if the Z ′ has strongly suppressed couplings to leptons (perhaps after taking kinetic mixing [18] into account).
In this paper we consider another possibility, in which all of the dimensional SUSY-breaking parameters are at or below the electroweak scale, as is the VEV of the field which generates the effective µ term. Thus, the squark and slepton spectra can mimic those of the MSSM. The electroweak breaking is actually driven by electroweak scale A terms, with the Higgs doublet and singlet masses smaller. A large Z ′ mass can be generated by the VEVs of additional SM singlet fields that are charged under the U(1)
′ . If these fields are only weakly coupled to the SM fields, i.e., by U(1) ′ interactions and possibly soft SUSY-breaking terms, then the scale of VEVs in this sector is only weakly linked to the electroweak scale. In particular, we consider the situation in which there is an almost F and D flat direction involving these secluded fields, with the flatness lifted by a small Yukawa coupling. For a sufficiently small value for this Yukawa coupling, the Z ′ mass can be arbitrarily large. The class of models considered is related to the intermediate scale models considered in [9] , except that in the latter case the flatness was lifted by higher dimensional operators or radiative corrections.
We choose the U(1) ′ charges so that off-diagonal soft supersymmetry breaking mass-square terms can avoid unwanted global symmetries, and show that there are only three such models up to charge conjugation. We describe two of these in detail, paying special attention to avoiding unphysical minima and runaway directions. Within our assumption of no special adjustment of parameters to achieve a moderate hierarchy in the ordinary sector, we find that the Yukawa coupling associated with the effective µ parameter must be relatively large, i.e., of O(0.5 − 0.8). The upper end of this range would lead to a Landau pole in the NMSSM if one required the theory to be valid up to a large unification scale [19] , but is acceptable in the U(1)
′ model due to the new contributions to the renormalization group equations. (It would be acceptable in either case if one did not require a canonical desert, as in models with large extra dimensions.) This scenario typically generates tan β ∼ 1, where tan β is the usual ratio of Higgs doublet VEVs; that the VEV of S is comparable to that of the doublets; and that the upper bound on the lightest CP even Higgs doublet treelevel mass is of order 170 GeV. However, the actual mass eigenvalues are reduced by mixing with SU(2) singlets. For these models, we display the spectra associated with the symmetry breaking, i.e., the gauge bosons, Higgses, neutralinos, and charginos. There is significant mixing between the standard model particles and SM singlets in the Higgs and neutralino sectors. We do not attempt to embed the models in a full theory or speculate on the small Yukawa couplings needed either for the large Z ′ mass or for fermions other than the t quark. In the next section, we discuss the general features of this class of models. In Section 3 we calculate the spectra for typical U(1) ′ charges and parameter values. Our conclusions are given in Section 4. Details of the minimization and Higgs mass-square matrices for one model are given in Appendix A, and the eigenvectors for the symmetry breaking sector are displayed for one model in Appendix B.
There are six neutral complex scalar fields and (in the general case) four phase symmetries of the scalar potential. Two of these are the U(1) and U(1)
′ gauge symmetries, implying two unwanted global symmetries. These will generally be spontaneously broken, implying two massless Goldstone bosons. One of these has large 2 One might consider a model with 3 singlets; for example, one can identify S with S 1 . The problem is that the F -term of S is then hH 1 H 2 + λS 2 S 3 . Depending on the soft parameters, there will either be a runaway direction for the scalar potential that is unbounded from below, an unphysical minimum with one of the Higgs doublet VEVs vanishing, or a minimum in which the VEVs of H ′ . These are most likely also excluded, though a detailed investigation is beyond the scope of this paper. We therefore consider special choices for the U(1)
′ charges which allow additional (off-diagonal) scalar mass-square terms which explicitly break the global symmetries.
For the models considered, one can take A h and A λ to be positive and the extra mass terms added to break the global symmetries to be negative by an appropriate redefinition of the scalar fields, without loss of generality. Then all of the VEVs can be taken to be real and positive at the minima. We define which is constrained to be less than a few times 10 −3 . In the basis {B ′ ,B,W 
where
and
, while the other entries are zero.
The chargino mass matrix is
where µ ≡ hs is the effective µ parameter. If µ is too small the lighter chargino mass will violate observational bounds. However, the Yukawa coupling h (at the electroweak scale) cannot be too large if the theory is to remain perturbative up to a large grand unification or string scale. This constraint is somewhat less restrictive than the corresponding one in the NMSSM [19] because the new contributions from the U (1) ′ to the running of h are negative. We have found that h can be as large as 0.7-0.8, even for tan β ∼ 1. We will illustrate the results for the cases h = 0.5 and h = 0.75.
For λ → 0 the potential may be unbounded below (depending on the m
) for large s i . In that case, for small but finite λ the s i will be large, as will the Z ′ mass. We will typically choose λ to be around h/10. Though small, λ is still much larger than most of the Yukawa couplings associated with the fermion masses.
For A h comparable to the scale of the soft Higgs masses, the potential has an unwanted global minimum at v 1 = v 2 = 0 and s ∼ s i . This can be avoided by choosing A h to be relatively large, e.g., of order (5-10) larger than the soft masses. In this case, the symmetry breaking is driven more by the A terms than the soft masses, analogous to the large A scenarios described in [16] . In the large A h limit one has
For intermediate A h the ratio of s/v i can be increased to around 3/2, but not much more without introducing the unwanted minimum described above.
Therefore, the lower bound on the light chargino mass from LEP gives a strong constraint on the models. This is in the range ∼ (90 − 104.5) for center mass energy √ s = 209 GeV, depending on the decay kinematics [20] . Let us discuss the chargino masses in detail. They are [21] 
where η C1 = ±1 is chosen so that mχ± 1 is positive. Because tan β ≃ 1.0, the light chargino mass is
If M 2 and µ have the same sign, i.e., M 2 µ > 0, this is typically smaller than min{M 2 , µ}. For example, for |µ| < |M 2 | and |M 2 | ≫ M W , one obtains mχ±
The limit is saturated if and only if M 2 = −µ, in which case the two chargino masses are equal (for tan β = 1). Thus, for h < 0.8 and s/v 1 ≃ s/v 2 < ∼ 3/2, the upper bounds on the light chargino mass are around 120 GeV and 170 GeV for the cases M 2 µ > 0 and < 0, respectively, with lower values for smaller h.
The charged Higgs mass is
). The upper bound on the tree-level mass of the lightest CP even Higgs doublet scalar, i.e., before including mixing with the SU(2) singlets and corresponding to the lightest scalar h 0 in the MSSM, is [5] 
In the models considered here, tan β ≃ 1.0, so that
which is much weaker than the corresponding limit m h 0 < M Z in the MSSM. Of course, the actual Higgs mass eigenstates involve mixing of the doublets with SU(2) singlets, so that the tree-level mass eigenvalues are lower. Also, one must add potentially large loop corrections in both cases. The coefficient
It is still necessary to have two off-diagonal dimension-2 soft supersymmetry breaking terms involving S, S 1 , S 2 and S 3 to break the two unwanted global U(1) symmetries. We cannot choose |Q S 1 | = |Q S 2 | = |Q S 3 | because then at most one term, SS i or SS † i , would be allowed. The only possibilities are
Any VEV of S 3 in the second case would not be linked to U(1) ′ breaking; we will not consider this possibility further. In the first case, there are two possibilities for the U(1)
′ charge of S: Q S = ±Q S 1 and Q S = ±Q S 3 , which will be discussed as Model I and Model II, respectively 3 . Further details of the Higgs masses and eigenstates are given in the Appendices.
3 Specific Models
Model I
In Model I, we choose the U (1) ′ charges for the Higgs fields as
The dimension-2 supersymmetry breaking soft terms
are allowed by the U(1) ′ , so in general
sof t is defined in (4). However, only two of these are needed to break the global U(1) symmetries, so for simplicity we will set 4 m
3 These charges allow additional superpotential terms S 2 1 S 3 and S 2 2 S 3 . Their presence would have little effect on our conclusions, other than changing the relative sizes of the s i , so they will be ignored for simplicity. They could also be explicitly eliminated by discrete symmetries for the dimension-4 operators, or by string selection rules if there is an underlying string theory. Similarly, the U (1) ′ symmetry would allow additional terms SS 1,2 (Model I) or SS 3 (Model II) in the superpotential. These again would not affect our conclusions if present, and in any case bilinear terms are not expected in (conformal) string theory.
4 Keeping a nonzero m 2 S1S2 would yield a spectrum similar to Model II. In the most general case one would have to allow m 2 S1S2 to be complex valued (and therefore CP violating) because there would not be enough freedom of field redefinitions to ensure that all three terms are real and negative.
To avoid directions of the potential that are not bounded from below, we require
The first condition corresponds to the direction in which s = s 1 with the other VEVs vanishing, for which the quartic and cubic terms in the potential are flat. The second corresponds to s = s 2 . The minimization conditions for the neutral scalar potential with non-zero VEVs, and the mass matrices for the CP odd and even Higgses are given in Appendix A.
Model II
In Model II, we choose the U(1)
′ charges
allowing the dimension-2 supersymmetry terms
so that
To avoid unbounded from below directions, we require
corresponding to the directions with s 1 = √ 2s and s 2 = √ 2s (and the other VEVs zero), respectively.
The minimization conditions and mass matrices are similar to those in Model I up to obvious changes, so they will not be repeated.
Numerical Results for Some Particle Spectra
In this subsection, we present the numerical results for the Z ′ boson mass; the Z − Z ′ mixing angle α Z−Z ′ ; and the chargino, neutralino, and Higgs masses for the two models. To generate the mass hierarchy between the Z and Z ′ , we choose λ = h/10. We illustrate for two values of h, i.e., 0.5 and 0.75. Both are theoretically and phenomenologically acceptable. However, the larger value allows larger chargino and neutralino masses, but is close to the upper limit allowed if the theory is to remain perturbative to a large scale. In our conventions, µ > 0, while the gaugino masses M i can be positive or negative. We choose two examples, i.e., M 1 = −100 GeV. These choices can yield relatively large masses for the lighter charginos. We also choose the standard GUT value g Z ′ = 5/3g 1 (it is 5/3g 1 that unifies with g 2 and g 3 in the simple GUT models). This is for illustration only; we do not insist on conventional grand unification 5 . As described above, we choose large values for A h (and also choose A λ ∼ A h ). Otherwise, the minimum of the potential would be for v 1 = v 2 = 0 and s ∼ s i . (Even for large A h there is such a local minimum. However, there is also the desired SU(2)-breaking minimum closer to the origin.) The terms linear in s in V (I,II) sof t and the A h term prevent unphysical minima such as s = v 1 = 0, s = v 2 = 0, or only one of the three vanishing.
The input parameters with dimensions or mass of mass-squared are chosen in arbitrary units. After finding an acceptable minimum they are rescaled so that v Table 1 .
For Model II, we choose The rescaled VEVs v 1 , v 2 , s, s 1 , s 2 , s 3 ; the mixing α Z−Z ′ ; and the particle spectra are given in Tables 1, 2 , and 3. It is seen that the two models yield similar 5 Many unification models would suggest M The most important feature is that the VEVs of the secluded sector fields (S 1 , S 2 , and S 3 ) are much larger than those of the ordinary sector (H i and S), without any fine tuning of parameters. This leads to a rather heavy Z ′ , a small α Z−Z ′ (α z−z ′ would have been zero or extremely small, depending on the soft mass-squares, if we had chosen Q H 1 = Q H 2 ), and little mixing between the ordinary and secluded sectors. The large A h needed to ensure the correct vacuum implies tan β ∼ 1 and s/v i < ∼ 3/2, leading to significant mixing between the doublet and singlet Higgs fields, and also between the corresponding neutralinos.
The upper limit on the lightest CP even Higgs doublet particle is considerably relaxed compared to the MSSM and even the NMSSM. However, the actual mass eigenvalues are reduced by mixing with the SU(2) singlet. For example, in Model I with h = 0.5, the lightest scalar, H In the first place, the masses may increase significantly due to radiative corrections analogous to those of the MSSM. However, the actual values depend on parameters associated with the sfermion sector of the model, which we are not considering here. Also, the state involves a large admixture of SU (2) singlet, so the usual SM and MSSM limits do not apply directly, and will require a detailed study of the collider implications of such mixings that is beyond the scope of this paper. Of course, the mass could be increased somewhat for different choices of the soft parameters. The chargino masses are consistent with the experimental limits except for the cases with h = 0.5 and M 2 > 0. The lighter chargino is dominantly Higgsino for our choices of M 2 , because of the relatively low effective µ parameter.
In the first row of Table 2 , the lightest neutralinoχ 0 1 is mainly singlinoS, with a nontrivial admixture of Higgsino. This is somewhat similar to the model in [22] , in which the light singlino was advocated as a dark matter candidate.χ 0 6 is also a mixture, whileχ The soft masses for squarks and sleptons are independent of the symmetry breaking sector. However, if they are chosen to be of the same order as A h (i.e., larger than the soft masses of the doublet and singlet Higgs fields) then they would typically be in the 100-300 GeV range.
Clearly, the spectrum of the symmetry breaking sector is very rich, and will differ significantly from that of the MSSM because of the significant doublet-singlet mixing. A detailed study of the collider signatures and limits and the implications for cold dark matter is beyond the scope of this paper. However, there will generically be a number of particles associated with the symmetry breaking sector that are on the margin of being excluded or discovered. A further study would be very interesting.
Discussion and Conclusion
Many theories beyond the Standard Model predict the existence of addition U(1) ′ gauge symmetries broken near the electroweak scale. Although such models have the desirable feature of yielding a simple solution to the µ problem, they suffer from the need to make the Z ′ sufficiently heavy, typically at least (500-800) GeV. Previous models have often assumed that this is accomplished by having a typical soft supersymmetry breaking scale (and corresponding sfermion masses) of a TeV or so, with the electroweak scale smaller by cancellations. In this paper, we present a different mechanism, in which the large U (1) ′ breaking scale is associated with an almost flat direction of the quartic terms of the scalar potential. In the limit that a certain Yukawa coupling goes to zero, this could correspond to a runaway, unbounded from below direction. The flatness is lifted by small but nonzero values, allowing a large Z ′ /Z mass hierarchy and a small (or almost zero for some charge assignments) Z − Z ′ mixing angle.
We have presented examples of such models involving an ordinary sector of symmetry breaking fields, which includes two Higgs doublets and an SU(2) singlet S which generates an effective µ parameter; and a secluded sector involving three SU(2) singlet fields S i , i = 1, 2, 3, which acquire large VEVs. The two sectors are only weakly coupled by U (1) ′ interactions and soft scalar mass terms. The ordinary sector is somewhat similar to the NMSSM, but involves parameter choices very different from those usually studied in the NMSSM context. (These include the absence of a cubic term in S in the superpotential, a larger allowed value for h, and a large A h .) We carried out a detailed study of such issues as unwanted global minima and runaway directions, unwanted global symmetries, the upper limit from perturbative unification on the Yukawa coupling associated with the effective µ parameter, and the need to have sufficiently heavy charginos. Acceptable parameter ranges were found, characterized by: the electroweak symmetry breaking is driven more by a large A term than by the soft scalar mass-squares, leading to tan β ∼ 1; a VEV of S comparable to the electroweak scale; a fairly small effective µ parameter (typically 80-140 GeV); and a much larger U(1) ′ breaking scale generated by the VEVs of the S i . The spectrum of the symmetry breaking sector is very rich. There are a number of light CP even and odd Higgs fields and neutralinos, for example, which involve significant mixing between SU(2) doublet and singlet fields. A detailed study of the implications for colliders and cosmology is beyond the scope of this paper, but it is expected that a number of the predicted states are close to being excluded or discovered.
We have also not attempted to embed the models into a full theory. This would be necessary to discuss the sfermion spectrum; the cancellation of anomalies; possible flavor changing effects [23] ; and some aspects of the production and decay of the Higgs particles, charginos, and neutralinos. 
Appendix A
In Appendix A we discuss the minimization conditions and scalar mass matrices for Model I. The conditions for Model II are similar.
The potential minimization conditions for the neutral scalar fields with nonzero VEVs are
The mass-square matrix for the CP odd neutral Higgs particles in the basis {H
Similarly, in the basis {H
3 }, the masssquare matrix for the CP even neutral Higgs particles is
The upper limit in (21) on the lightest doublet Higgs mass is obtained from the limit on the smaller eigenvalue of the upper 2 × 2 sub-block of O H 0 .
Appendix B
The chargino mass terms are [21] 
where (ψ + ) T = (−iW + ,H 
where U and V are unitary matrices. The eigenvectors for the charginos; neutralinos; and CP even and odd Higgses in Model I with h = 0.5 and h = 0.75 are given in Tables 4-12. Table 6 : Same as Table 5 , except M i > 0. Table 7 : Same as Table 5 , except h = 0.75. Table 10 : Same as Table 9 , except h = 0.75.
Fields H Table 12 : Same as Table 11 , except h = 0.75. 
